Aims: To apply the Landscape Reconstruction Algorithm (LRA) to pollen count data from multiple sites to estimate local vegetation abundance and compare with charcoalderived records of burning.
| INTRODUCTION
Moorlands and uplands are highly valued landscapes as they deliver a wide range of ecosystem services including: water supply to lowlands; locations for agricultural production (in particular seasonal grazing); internationally important sinks of greenhouse gases including carbon dioxide and methane; and are locations favoured for recreational activities (Reed et al., 2009) . They are also areas that preserve and conserve nationally important cultural heritage, including the traces of past society (Riley & Wilson-North, 2001) . A significant component of this ecosystem service delivery is the vegetation patterning of uplands, as many of the services are mediated through vegetation. Ecological research has focused on understanding what controls upland vegetation, and points towards the importance of grazing, burning and climatic change (Yeo & Blackstock, 2002) . In the case of burning in particular, debates have become polarized and there is now a narrative of burning being predominantly damaging to upland moorlands . Data sets that look at differences through time, as well as space, can help to develop an appropriate evidence base. Re-survey at known locations after 35 years on Scottish moorlands has been considered as a 'long-term' data set (Britton, Hester, Hewison, Potts, & Ross, 2016) and these data offer excellent ecological observations. Although the temporal resolution of palaeo-ecological approaches cannot compare to ecological monitoring or measurement, they make it possible to observe change and infer processes that control this change over decadal to millennial time scales (Davies & Bunting, 2010) , and have the potential to identify vegetation responses over lag times longer than those afforded by ecological monitoring (Tinner, Hubschmid, Wehrli, Ammann, & Conedera, 1999) .
A challenge to the application of palaeo-ecological data sets, and in particular pollen-based reconstructions, is bridging the gap between highly detailed records of change over time from a small number of locations within a region and modern ecological survey data (e.g., many quadrats, or remote-sensed data). There are also significant differences in the ways that vegetation is recorded, and making pollen proportions from within a sedimentary basin commensurate with modern vegetation data (from field survey or remote-sensed data sets) poses major translational challenges.
Various approaches to transformation of pollen into measures of land cover exist, although most are at best semi-quantitative and do not always produce strong matches between land cover and modern vegetation (Woodbridge, Fyfe, & Roberts, 2014) . The relationship between pollen proportions and vegetation cover is non-linear (Sugita, Gaillard, & Broström, 1999) , confounded by differential pollen production and dispersal between taxa, and the nature of the regional (background) vegetation. Developments in understanding the pollen-vegetation relationship have resulted in improved approaches to the quantification of vegetation cover within the source area of pollen sites and resulted in the Landscape Reconstruction Algorithm (LRA; Sugita, 2007a,b) . Much effort has gone into the parameterization of this new approach (Broström et al., 2008; Mazier et al., 2012) , and it is now possible to estimate the relative abundance of key taxa around pollen sites separate from the 'background' vegetation (Cui et al., 2013; Hjelle et al., 2015; Trondman et al., 2016) . Where networks of pollen sites exist, it is possible to generate spatially explicit, quantified past vegetation abundances using pollen count data. This paper applies the LRA to pollen data from Exmoor, southwest England, to address a long-standing issue around a key driver of moorland vegetation, namely the importance of burning on vegetation character over the past 5,000 years. Understanding local-scale vegetation patterning is important as 'standard' upland pollen sequences can include a significant background element, making is difficult to differentiate the local from the background (Bunting, Twiddle, & Middleton, 2008) . Previous work has indicated that Exmoor is a landscape with a long history of human land use, spanning at least the last 5,000 years. The earliest indicators of human occupation are remains of a hunter-gatherer camp site at Hawkcombe Head dating to around 7,200 cal. year BP; monuments dating to the later Neolithic and Bronze Age (ca. 5,000-3,500 cal. year BP) include stone settings, circles and funerary monuments (Riley & Wilson-North, 2001 ), as well as extensive remains of prehistoric field systems thought to date broadly from the middle Bronze Age (from 3,500 cal. year BP). Pollen stratigraphic studies have shown that the vegetation has been influenced by people throughout the past 5,000 years (Fyfe, Brown, & Rippon, 2003; Fyfe, 2012) .
Whilst traditional pollen percentage diagrams can indicate localscale differences in vegetation (Davies & Tipping, 2004) , as stressed, these comparisons are confounded by pollen from the wider region.
Application of the LRA will allow this background component to be removed, leaving a significantly clearer picture of local-scale vegetation around each pollen site (Sugita, Parshall, Calcote, & Walker, 2010) . Comparison with charcoal records (as a proxy for management using fire) will allow assessment of the role of burning in determining local vegetation character. using the Regional vegetation estimates from large sites (REVEALS) model from pollen data that is thought to represent regional vegetation, such as large lakes (>50 ha; sensu Sugita, 2007a) . The second step is to estimate local vegetation abundance using the Local vegetation estimates (LOVE) model applied to pollen counts from target sites, taking in to account regional vegetation cover (Sugita, 2007b) . The LRA requires pollen count data from chronologically constrained sequences, pollen productivity estimates (PPEs) that are expressed relative to a reference taxon and estimates of the fall speed of the key pollen taxa for which estimates are required (Broström et al., 2008) . PPEs have been measured across Europe by measuring modern pollen loading at networks of sites, and comparing this against the surrounding vegetation cover.
The LRA has a series of important assumptions (Sugita et al., 2010) , of which the key assumptions include: the main agent of pollen transport and deposition to the site is through above-canopy winds; differences in height of release of pollen between taxa do not matter; there is no inter-taxonomic preservation bias within the pollen count data; regional vegetation is stationary; and PPEs are invariant through time.
Exmoor is an upland made up of shales, siltstones and slates, and contains almost 20,000 ha of open moorland, rising to 519 m a.s.l.
The upland has a maritime climate, with precipitation between 800 in the east and up to 2,000 mm per annum on the highest ground, and a temperature range from 2°C in winter to 21°C in summer. Raw count data from 16 dated pollen sequences from Exmoor was used as input to the LRA, although not all sites cover the same time duration (Figure 1 , Table 1 ). In the absence of large lakes, Sugita et al. (2010) and Trondman et al. (2016) have demonstrated it is possible to use a network of smaller sites to calculate the regional vegetation abundance.
Count data from each site were aggregated into 500-year contiguous time windows to facilitate correlation and comparison between sites.
The PPEs used were those established within the LANDCLIM project (Mazier et al., 2012) and represent average PPEs from multiple empirical studies within Europe (Appendix S1, Table S1 ). The LRA was run separately for each site. The data from the 'target' site in each run were used as input to the LOVE model, but excluded from the estimate of regional vegetation. Resulting values are a distance-weighted plant abundance (expressed as a percentage) within what is termed the necessary source area of pollen sensu Sugita (2007b) , i.e. the distance at which all abundance estimates for all taxa lie between 0%-100% (±1 SE). The LOVE model produces local distance-weighted plant abundance for each taxon (expressed as a percentage of total cover).
LOVE output is differentiated from original pollen percentage using the subscript DWPA (i.e., Poaceae DWPA ); pollen percentage results are described using the subscript PP (i.e., Poaceae PP ). Taxon-specific output of the REVEALS model are described using the subscript RV (i.e., Poaceae RV ).
Charcoal data are only available from six of the 16 sites. Charcoal counts exist in two size fractions: 10-50 and 50-180 μm. Charcoal counted from pollen slides is typically used to infer a regional fire signal (Mooney & Tinner, 2011) . Charcoal in larger size fractions in thin section preparations (>50 μm) is used to infer localized burning (Clark, 1988) . There is also support for the use of larger charcoal fractions from pollen preparations to infer localized burning (Pitkanen, Lehtonen, & Huttunen, 1990; Tinner et al., 1998) . As a result, the coarse (50-180 μm) size fraction is used under the assumption that this reflects more localized burning. While the source area cannot be precisely determined, it is expected to be closer to the source area of pollen than the smaller charcoal size fraction. The data are expressed as concentrations of charcoal fragments cm −3 in the original publications. Charcoal records are standardized using z-scores (using the mean and SD over the record) following a Box-Cox power transformation as described in Power, Marlon, Bartlein, and Harrison (2010) . Analysis of the charcoal data was undertaken using the palaeofire R package (Blarquez et al., 2014 ; R Foundation for Statistical Computing, Vienna, Austria). Average z-scores for each 500-year time window have been calculated for comparison with Calluna DWPA and Poaceae DWPA .
Comparison of the original pollen proportion data for selected taxa (Poaceae PP , Calluna PP ) and charcoal z-scores for the coarser charcoal fraction (50-180 μm) was undertaken using a ten-sample movingwindow Pearson's product moment correlation coefficient. Use of a moving-window allows changes in the strength of relationships through time to be recognized (cf. Fyfe & Woodbridge, 2012) . 
| RESULTS

| Regional and local vegetation cover estimates
The results of the estimates of regional vegetation cover are shown for each time window (Figure 2 ) and describe the general development of the upland landscape. In the oldest time window, at 5,500-6,000 year cal BP, regional woodland cover is estimated at around 60%, with half of this represented by Corylus RV , followed
by Quercus RV and Ulmus RV . Open-ground taxa at this time are a mix of Calluna RV and Poaceae RV . Woodland cover declines over successive time windows and is halved by 4,000-4,500 cal. year BP (to 30% regional vegetation cover). Poaceae RV becomes the dominant regional vegetation cover at 5,000-5,500 cal. year BP, and generally increases. Plantago lanceolata RV , which shows a continual presence from 5,000 cal. year BP, implies some improved grassland.
Calluna RV varies around an average of 20% cover from 3,500 cal.
year BP onwards.
The general regional patterns that emerges from the results of the REVEALS model hides considerable spatial variation that is shown when the LOVE model is applied to each pollen record (Figure 3 ). 
| Charcoal and pollen percentage/vegetation cover relationships
Comparison of z-scores for the 50-180 μm charcoal data and the original (non-aggregated) pollen percentage data from the six sites with Sites marked with * include charcoal data. Codes are those used on Figure 1 . Locations are given as decimal degrees (WGS1984).
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| DISCUSSION
| Spatial heterogeneity in past upland vegetation and land cover
The LRA is a major advance in examination of pollen percentages, as it explicitly attempts to disentangle the regional pollen loading from the local vegetation signal (Sugita, 2007a,b) . Trondman et al. (2016) (cf. Stevenson & Thompson, 1993; Stevenson & Rhodes, 2000) . The size of the bogs used on Exmoor is very small (Table 1) and thus even local pollen is likely recruited from well beyond the extent of the bog.
The regional vegetation pattern for Exmoor shows a largely open landscape since 5,500 cal BP, and the archaeological record of the upland that demonstrates significant human presence from at least 3,500 cal. year BP (Riley & Wilson-North, 2001 ). The LOVE-based vegetation estimates demonstrate strong differences between sites within the landscape that are not evident either from the REVEALS output or from the original pollen percentage data. Many studies have demonstrated patterning and differences using pollen percentage data (Davis, Spear, & Shane, 1980; Fyfe et al., 2003; Davies & Tipping, 2004; Fyfe & Woodbridge, 2012) . 
| Burning as a driver of moorland vegetation cover
Differences in the character of modern upland vegetation are normally explained through a combination of climatic gradients and land use. At the macro-scale (e.g., national scale) gradients in climate (oceanicity, temperature and rainfall) are strong determinants of moorland vegetation (Yeo & Blackstock, 2002) ; however, within an upland block such as Exmoor these climatic gradients are marginal and are unlikely to be major determinants of vegetation composition. At the regional (e.g., and this is frequently carried out as a management strategy to increase the palatability of moorland vegetation for grazing animals (Hobbs & Gimingham, 1987) . Application of the LRA allows this relationship to be extracted by considering only the local vegetation separate from the regional background pollen rain. Palaeoecological studies of Chambers, Mauquoy, and Todd (1999) , Chambers et al. (2007) drawing on highresolution (percentage-based) data sets have also noted a correlation between charcoal and increased Poaceae percentages over the past 500 years, suggestive of more frequent or severe fires (Chambers et al., 1999) . In this study, the results from Swap Hill indicate a very different relationship between burning and local vegetation, with charcoal z-scores correlating with Calluna DWPA cover, at least between 6,000 and 1,500 cal. year BP. Modern studies demonstrate that low intensity rotational burning on a regular basis can promote heather regeneration (Yeo & Blackstock, 2002) , although Davies, Smith, MacDonald, Bakker, and Legg (2010) found, through controlled experimental burning regimes, that the severity and frequency of the burning was less important than Where higher-resolution sampling and age-depth models supported by more radiocarbon dates or other time markers are available it may be possible to apply the LRA to shorter time windows (Fredh et al., 2012) . The LRA-based approach does not replace the highly detailed, high temporal resolution work from individual sites such as that of Chambers et al. (2007) and Davies (2016) . This is essential in exploring burning/vegetation relationships, and future and on-going research on Exmoor and other uplands, which couples high-resolution pollen analyses with proxies for grazing such as coprophilous fungi will provide powerful, conservation managementoriented insights. What these studies cannot do is disentangle and quantify local vegetation cover from the regional signal within the pollen data sets, although macrofossil analysis may go some way to qualitative interpretation of the records.
| CONCLUSIONS
The should focus on testing the role of grazing as a driver of vegetation cover and change using appropriate proxies for grazing such as coprophilous fungi.
